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T h i s  r e p o r t  p r e s e n t s  a summary of t h e  work conducted under t h e  
Phase I1 p o r t i o n  of Contract  NAS8-11537, sponsored by t h e  George C. 
Marshal l  Space F l i g h t  Center  of t h e  Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion ,  H u n t s v i l l e ,  Alabama. The work was adminis te red  under 
t h e  t e c h n i c a l  d i r e c t i o n  of t he  Propuls ion  and Vehicle  Engineering 
Labora tory ,  Engineer ing Mater ia l  D i v i s i o n ,  w i t h  M r .  K. E. Demorest 
scting as Ccst rac t ing  Officer's Representat ive,  and ccliiers the per iod  
from J u l y  1964 t o  November 1965. A summary of t h e  work conducted under 
t h e  Phase I p o r t i o n  of t h e  c o n t r a c t ,  cover ing  t h e  period from August 
1963 t o  J u l y  1964, was presented i n  PWA FR-986, "Research and Development 
of M a t e r i a l s  f o r  use  as Lubricants  i n  a Liquid Hydrogen Environment," 
da ted  18 June 1964. 
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This r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  work performed i n  t h e  second 
phase of Cont rac t  NAS8-11537, "Research and Development o f  Materials 
f o r  Use as Lubr icants  i n  a Liquid Hydrogen Environment." 
of t h e  program w a s  t o  develop materials f o r  u s e  as l u b r i c a n t s  i n  r o l l i n g -  
element bea r ings  ope ra t ing  i n  a l i q u i d  hydrogen environment a t  DN l e v e l s  
up t o  4.0 x 10 nm-i-rpm. In  t h e  f i r s t  phase,  t h e  r e s u l t s  of which w e r e  
rennyted  r-- in I?eference 1 , IC! c.r?didzte l u b r i c a n t  a t e r i a l s  were selected 
and eva lua ted  i n  a b a l l - p l a t e  tes t  appa ra tus .  
10  a d d i t i o n a l  m a t e r i a l s  were eva lua ted  and from t h e  20 cand ida te s ,  t h e  
fou r  most promising were s e l e c t e d  f o r  t e s t i n g  i n  a c t u a l  80-mm bea r ings  
The o b j e c t i v e  
6 
I n  t h e  second phase,  
a t  speeds up t o  50,000 rpm. 
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The u s e  of l i q u i d  hydrogen i n  advanced rocke t  engines and t h e  i n h e r e n t  
problems a s s o c i a t e d  wi th  t h e  l u b r i c a t i o n  of  high speed turbopump bea r ings  
o p e r a t i n g  i n  l i q u i d  hydrogen led t o  t h e  i n i t i a t i o n  of Cont rac t  NAS8-11537, 
"Research and Development o f  Materials f o r  U s e  as Lubr icants  i n  a Liquid 
Hydrogen Environment . ' I  Liquid hydrogen, w i th  i t s  extremely low tem-  
p e r a t u r e  (-423OF) and high s p e c i f i c  h e a t ,  makes a n  e x c e l l e n t  bea r ing  
coo lan t .  However, hydrogen has a low v i s c o s i t y  and is  a n  a c t i v e  reducing  
agent  t h a t  t ends  t o  remove p r o t e c t i v e  oxide  c o a t i n g s ,  which makes i t  a 
poor l u b r i c a n t .  This makes i t  necessa ry  t o  provide  o t h e r  means of 
l u b r i c a t i o n  f o r  bea r ings  ope ra t ing  i n  l i q u i d  hydrogen. The most common 
approach is  t o  i n c o r p o r a t e  a s o l i d  l u b r i c a n t  as a n  i n t e g r a l  p a r t  of t h e  
bea r ing  r e t a i n e r ;  t h e  l u b r i c a n t  material is then t r a n s f e r r e d  by t h e  
b a l l s  t o  t h e  r a c e s .  This method has  proved h i g h l y  s u c c e s s f u l  i n  many 
a p p l i c a t i o n s  such as t h e  RLlO rocke t  engine i n  an  advanced turbopump. 
I n  t h e  la t ter  t h e  bear ings  have been ope ra t ed  i n  hydrogen fo r  prolonged 
pe r iods  a t  DN levels above 2 x 1 0  mm-rpm. However, t o  extend bea r ing  
DN l i m i t s  and/or  i n c r e a s e  l i f e ,  new improved l u b r i c a n t  m a t e r i a l s  must 
be developed. For t h i s  purpose work on t h e  f i r s t  phase of t h e  c o n t r a c t  
was i n i t i a t e d  i n  June  1963. 
6 
The approach used i n  t h i s  program has been t o  e v a l u a t e  s e l e c t e d  
cand ida te  l u b r i c a n t  m a t e r i a l s  i n  a c o n t r o l l e d  s imula ted  bea r ing  env i -  
ronment, and then  conduct f u l l - s c a l e  b e a r i n g  t e s t s  u s i n g  t h e  fou r  most 
promising cand ida te  materials a s  determined by t h e  sc reen ing  tes ts .  
The material  e v a l u a t i o n  was performed i n  a b a l l - p l a t e  t es t  appa ra tus  
t h a t  s i m u l a t e s  o p e r a t i n g  condi t ions  i n  a r o l l i n g  c o n t a c t  bea r ing .  The 
b a l l - p l a t e  tester is a unique dev ice  t h a t  e l i m i n a t e s  t h e  c o s t  of s p e c i a l  
t e s t  bea r ings  and promotes a more a c c u r a t e  e v a l u a t i o n  of a l u b r i c a n t  by 
e l i m i n a t i n g  t h e  confounding e f f e c t s  of bea r ing  s t r u c t u r a l  c o n s i d e r a t i o n s .  
I n  t h e  Phase I p o r t i o n  of t h e  c o n t r a c t  1 0  cand ida te  materials were 
s e l e c t e d  and eva lua ted .  Two of t h e s e  materials, a b r o n z e - f i l l e d  Tef lon  
(Salox-M) and a s i l i c o n - f i l l e d  Tef lon  (Rulon A )  showed e x c e l l e n t  
l u b r i c a t i n g  c h a r a c t e r i s t i c s  and wear r e s i s t a n c e .  I n  t h e  second phase,  
10 a d d i t i o n a l  cand ida te s  were s e l e c t e d  and eva lua ted  i n  a n  a t tempt  t o  
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f i n d  l u b r i c a n t s  having a higher  r e s i s t a n c e  t o  n u c l e a r  r a d i a t i o n  than  t h e  
Teflon-based m a t e r i a l s .  Three of  t h e s e  10 c a n d i d a t e s ,  a b r o n z e - f i l l e d  
polyimide, a silver-polyimide-tungsten d i s e l e n i d e  (Ag-Polyimide - WSe2) 
composite and s i l v e r  molydisu l f ide  (Ag-MoS2) showed promise. 
Four o f  t h e s e  f i v e  materials, Salox-M, b r o n z e - f i l l e d  polyimide, 
Ag-Polyimide - WSe2, and Ag-MoS2 were s e l e c t e d  and t e s t e d  i n  80-mm 
bear ings  a t  speeds up t o  50,000 rpm (4  x 10 D N ) .  Three o f  t h e  f o u r  
materials opera ted  s u c c e s s f u l l y  a t  50,000 rpm f o r  s h o r t  p e r i o d s .  The 
b e a r i n g  r e t a i n e r s  t h a t  incorporated polyimide-bronze l u b r i c a n t  f a i l e d  
b e f o r e  reaching  50,000 rpm. 
6 
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SECTION I1 
TEST APPARATUS 
Comparitive eva lua t ion  o f  many bea r ing  l u b r i c a n t s  by t e s t i n g  a c t u a l  
bear ings  would be c o s t l y  and t i m e  consuming. 
a s s o c i a t e d  wi th  an  o p e r a t i n g  bearing t h a t  can a f f e c t  t h e  l i f e  of  t h e  
bea r ing ,  bu t  which have l i t t l e  o r  no th ing  t o  do wi th  t h e  l u b r i c a t i o n  
process .  
r e t a i n e r .  It is advantageous,  t h e r e f o r e ,  t o  develop a method o f  
material s c r e e n i n g  t h a t  w i l l  p rovide  a fundamental e v a l u a t i o n  of a 
l u b r i c a n t  wi thout  t h e  c o s t  o f  p a r t s  procurement and t e s t i n g  of s p e c i a l  
b e a r i n g s .  However , t h i s  does not  e l i m i n a t e  bea r ing  t e s t i n g ,  because 
l u b r i c a n t s  developed and eva lua ted  i n  s imula t ing  devices  must u l t i m a t e l y  
be t e s t e d  i n  a c t u a l  b a l l  bear ings .  
t h e  most e f f e c t i v e  l u b r i c a n t s  should e l i m i n a t e  as  many v a r i a b l e s  as 
p o s s i b l e  and s t i l l  provide  a r e a l i s t i c  e v a l u a t i o n .  
can be cons idered  as a fundamental e v a l u a t i o n  t o o l  making p o s s i b l e  a 
test  technique  similar t o  tensile t e s t i n g  of materials, where m a t e r i a l  
p r o p e r t i e s  are eva lua ted  p r i o r  t o  f a b r i c a t i o n  i n t o  an  o p e r a t i o n a l  p a r t .  
There are many i n t e r a c t i o n s  
A t y p i c a l  example i s  t h e  s t r u c t u r a l  l i m i t a t i o n s  of a r o t a t i n g  
The tes t  appa ra tus  used t o  s e l e c t  
Such a test appa ra tus  
A unique tes t  appara tus  of t h i s  n a t u r e  has  been used t o  e v a l u a t e  
l u b r i c a t i n g  o i l s  f o r  j e t  engines i n  a n  environment t h a t  s imula t e s  
o p e r a t i n g  cond i t ions  inc lud ing  v a r i o u s  l e v e l s  of Her t z i an  stress 
(con tac t  stress), s l i p  i n  t h e  b a l l - t o - r a c e  c o n t a c t  zone, and b a l l  
r o t a t i o n a l  v e l o c i t y  i n  a retainer pocket.  
which was modified f o r  cryogenic use ,  is shown i n  f i g u r e  11-1. It 
c o n s i s t s  of two coun te r - ro t a t ing  test p l a t e s  s e p a r a t e d  by t h r e e  b a l l s  
t h a t  are pos i t i oned  120 degrees a p a r t  by a r e t a i n e r  p l a t e .  On e i t h e r  
s i d e  of  t h e  c e n t e r  housing, the s h a f t s  t h a t  d r i v e  t h e  test p l a t e s  a r e  
suppor ted  by o i l - l u b r i c a t e d  r o l l i n g  element b e a r i n g s .  Axia l  l oad ing  
of  t h e  t h r e e  b a l l s  is a p p l i e d  by p l a c i n g  dead weights  on t h e  end o f  t h e  
l e v e r  a r m ,  which is  a t t a c h e d  t o  t h e  l e f t  s h a f t  suppor t  assembly. This 
assembly is f r e e  t o  s l i d e  a x i a l l y ,  thereby  t r a n s m i t t i n g  t h r u s t  d i r e c t l y  
t o  t h e  r o t a t i n g  p l a t e .  An expanded view of  t h e  test p l a t e s ,  b a l l s  and 
r e t a i n e r s  i s  a l s o  shown i n  f i g u r e  11-1. 
wi th  hea ted  o i l  and t h e  bear ing  compartments are s e p a r a t e d  from t h e  test 
compartment by a twin f ace - sea l  system. Helium is i n j e c t e d  between t h e  
This b a l l - p l a t e  tes t  appa ra tus ,  
The s h a f t  bea r ings  are l u b r i c a t e d  
11-1 
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seals t o  prevent  oi l -hydrogen mixing and p o s s i b l e  f r eez ing  problems. 
The l u b r i c a n t  con ta in ing  the  b a l l  pockets is made i n  t h e  form of i n s e r t s ,  
which are  i n s t a l l e d  i n  t h e  r e t a i n e r  p l a t e .  
The p r i n c i p l e  of u s ing  coun te r - ro t a t ing  p l a t e s  w a s  adopted t o  l i m i t  
r o t a t i o n  of  t he  r e t a i n e r  t o  low speeds ,  thereby  e l i m i n a t i n g  any s t r u c t u r a l  
problems a s s o c i a t e d  with high stresses due t o  r o t a t i o n .  
a l s o  permi ts  r e l a t i v e l y  low speed d r i v e s  t o  be  used t o  o b t a i n  tests a t  
h igh  equ iva len t  DN va lues .  
This arrangement 
F a i l u r e s  are  i n d i c a t e d  by a x i a l  v i b r a t i o n  measured by an acce lerometer ,  
which is  loca ted  on t h e  loading l e v e r .  
s u c c e s s f u l ,  and s m a l l  changes in t h e  s u r f a c e  of a b a l l  or r a c e  a r e  
e a s i l y  de t ec t ed .  The m i l l i v o l t  ou tpu t  of t h e  acce lerometer  is fed i n t o  
an automatic  a b o r t  system t h a t  s h u t s  o f f  t h e  d r i v e  power when the  ou tpu t  
reaches  a predetermined v a l u e .  
This technique  has  proved h igh ly  
The Herzian stress l e v e l  can b e  ad jus t ed  by changing the  included 
ang le  of  t h e  groove and/or  t h e  app l i ed  a x i a l  l oads .  
app l i ed  dead weight on t h e  lever  a r m ,  t h e  Her t z i an  stress t o  which t h e  
b a l l  and grooved p l a t e  are subjec ted  i s  a f u n c t i o n  of  t h e  b a l l  diameter  
and t h e  groove angle .  Bal l  sp in  w i l l  occur about  an  a x i s  drawn from 
t h e  grooved p l a t e  con tac t  points  through t h e  b a l l  c e n t e r ,  and is con- 
t r o l l e d  by va ry ing  t h e  p l a t e  groove ang le .  
e te rs ,  t h i s  test appa ra tus  w a s  designed c o n s i s t e n t  wi th  a theory  of 
f a i l u r e  t h a t  re la tes  the  p r i n c i p a l  causes  of  s u r f a c e  f a t i g u e  t o  (1) t h e  
l e v e l  of  Her t z i an  stress i n  the  c o n t a c t  zone, and (2) s l i p  i n  t h e  c o n t a c t  
zone. 
For a cons t an t  
I n  s imula t ing  t h e s e  param- 
Excluding t h e  p o s s i b i l i t y  of a r e t a i n e r  f a i l u r e ,  a b a l l  bea r ing  
w i l l  f a i l  when a s p o t  on t h e  su r face  of one of  i t s  elements ( b a l l ,  
i nne r  r a c e ,  o r  o u t e r  r a c e )  rup tu res  from f a t i g u e  due t o  a v i b r a t o r y  
stress a s s o c i a t e d  wi th  b a l l  pass ing  or r o l l i n g  frequency.  (The s t eady  
o r  cons t an t  stresses on t h e s e  elements a r e  i n s i g n i f i c a n t . )  The number 
of  c y c l e s  t h a t  a m a t e r i a l  can withstand a t  v a r i o u s  v i b r a t o r y  stress l e v e l s  
is u s u a l l y  dep ic t ed  by an S-N curve ( v i b r a t i o n  stress l e v e l  - l i f e  i n  
c y c l e s )  s i m i l a r  t o  t h e  s o l i d  l i n e  shown i n  f i g u r e  11-2.  
i s  sub jec t ed  t o  a v i b r a t o r y  s t r e s s  level,  al, then  i t  w i l l  last  1 0  
stress cyc le s  and more. This va lue  of  10  cyc le s  is r e f e r r e d  t o  as t h e  
I f  t h e  material 
7 
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runout l i f e ,  meaning t h a t  i f  a s t r e s s e d  material lasts 10  c y c l e s ,  i t  
w i l l  no t  f a i l ,  no matter how many a d d i t i o n a l  c y c l e s  are  imposed. This 
is  c e r t a i n l y  n o t  r i g i d l y  t r u e ,  bu t  is s u f f i c i e n t l y  a c c u r a t e  f o r  t h i s  
d i s c u s s i o n .  I f  t h e  material is s t r e s s e d  t o  a t h e  material w i l l  f a i l  
a t  10 c y c l e s  where n < 7 .  
f a t i g u e  s t r e n g t h  of beams and o t h e r  s t r u c t u r a l  members when sub jec t ed  
t o  v i b r a t o r y  bending ( t e n s i l e ,  and compressive) l oads .  However, t h e  
s a m e  e f f e c t  is t r u e  w i t h  r e s p e c t  t o  a s u r f a c e  under c o n t a c t  compression; 
t h e  n x ~ l y  d i f f e r e n c e  is t h a t   he stirface does iloc expe r i ence  complete 
stress r e v e r s a l s .  The c y c l e  goes from ze ro  stress t o  maximum compressive 
stress and back t o  ze ro  stress. 
2 '  n 
This curve is g e n e r a l l y  used i n  showing t h e  
The d o t t e d  l i n e  on f i g u r e  11-2 shows t h e  e f f e c t  o f  s u r f a c e  notch ing  
on f a t i g u e  l i f e .  
s u r f a c e  f r e t t i n g  where sp inning  o r  s l i p p i n g  occurs i n  t h e  c o n t a c t  zones. 
Under such cond i t ions  o f  contac t  zone s l i p ,  t h e  material s u r f a c e  is 
damaged and t h e  f a t i g u e  l i f e  of t h e  m a t e r i a l  is reduced f o r  any g iven  
stress l e v e l .  
t h e  S-N c u r v e  s h i f t s  downward wi th  i n c r e a s i n g  number o f  c y c l e s .  
t h e  s u r f a c e  damage has evolved, t h e  l i f e  would b e  10" a t  a stress l e v e l  
of  a1 i n s t e a d  of t h e  runout l i f e  t h a t  would be a v a i l a b l e  wi th  no s l i p  
(no s u r f a c e  damage). F igu re  11-3 shows a curve  based on exper imenta l  
d a t a  f o r  t h e  e f f e c t  of l i f e  of an  o i l - l u b r i c a t e d  b a l l  sub jec t ed  t o  a 
c o n s t a n t  H e r t z i a n  s t r e s s  and var ious  r a t i o s  of s p i n  v e l o c i t y  t o  r o l l  
v e l o c i t y .  For a cryogenic bear ing  a p p l i c a t i o n ,  t h e  curve  would move 
t o  t h e  l e f t  because of t he  h igher  c o e f f i c i e n t  of  f r i c t i o n  and cor respondingly  
g r e a t e r  s u r f a c e  damage a t  any g iven  level of s l i p .  This curve  confirms 
t h e  important e f f e c t  of con tac t  zone s l i p  on l i f e  and i n  g e n e r a l ,  
s u b s t a n t i a t e s  t h e  conclus ion  t h a t  t h e  prime f a c t o r s  governing t h e  l i f e  
of a b e a r i n g  are  t h e  s l i p  i n  t h e  con tac t  zone and t h e  Her t z i an  stress. 
The notching e f f e c t  i n  b a l l  bea r ings  can r e s u l t  from 
Thus, as su r face  s l i p  occurs  and s u r f a c e  damage accumulates,  
A f t e r  
Thus, f o r  a t r u e  eva lua t ion  o f  a l u b r i c a n t ,  t h e  Her t z i an  stress 
i n  t h e  c o n t a c t  zone, s p i n / r o l l  v e l o c i t y  r a t i o s ,  and b a l l  r o t a t i o n a l  
v e l o c i t y  must be def ined  and simulated i n  t h e  test  appa ra tus .  
Using a mathematical  model, t h e s e  parameters were determined f o r  
bea r ings  compat ib le  wi th  t h e  requirements of  advanced l i q u i d  r o c k e t  
engines .  The mathematical  model p r e d i c t s  t h e  bea r ing  i n t e r n a l  dynamics 
f o r  any combination of speed and t h r u s t  load .  
11-3 
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A s t u d y  was conducted i n  Phase I t o  e s t a b l i s h  t h e  r e q u i r e d  p l a t e  
speed,  b a l l  d iameter ,  included a n g l e  of  t h e  grooved b a l l  t r a c k ,  and 
t h e  r a d i u s  of t h e  grooved b a l l  t r a c k  r e q u i r e d  t o  s i m u l a t e  a c t u a l  
bear ing  c o n d i t i o n s .  I n  t h i s  program a n  inner  race Her tz ian  stress of 
250,000 p s i  was chosen s i n c e  t h i s  l e v e l  is considered near  t h e  maximum 
p e r m i s s i b l e  v a l u e  f o r  r e l i a b l e  b e a r i n g  design.  A summary of t h e  tes t  
appara tus  parameters is  presented i n  t h e  fol lowing t a b l e .  
B a l l - P l a t e  Test Apparatus Parameters 
Equivalent  DN va lue ,  mm-rpm 
P l a t e  speed,  rpm 
B a l l  v e l o c i t y ,  rpm 
Groove r a d i u s ,  i n .  
Ball d iameter ,  i n .  
P l a t e  groove a n g l e ,  degrees 
Ball s p i n  v e l o c i t y / b a l l  r o l l  v e l o c i t y  
Thrust  per  b a l l ,  l b  
4 , 000,000 
10,000 
221,000 
4.0 
0.375 
147 
0.295 
7 0  
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SECTION I11 
SELECTION OF CANDIDATE LUBRICANT MATERIALS 
A. GENERAL 
I n  t h e  f i r s t  phase o f  t h e  contract  a l i t e r a t u r e  survey  w a s  conducted 
i n  which more than 50 t echn ica l  a r t i c l e s  w e r e  s t u d i e d  t o  determine the  
most l i k e l y  cand ida te  l u b r i c a n t  materials and f o r  l u b r i c a t i n g  systems. 
The survey  covered va r ious  methods of providing l u b r i c a t i o n  such as 
powdered i n j e c t i o n  and flame-plated s u r f a c e s ,  as w e l l  as s o l i d  l u b r i c a n t  
composites.  The a d d i t i o n a l  sys t em complexity a s s o c i a t e d  wi th  powdered 
i n j e c t i o n  overshadowed poss ib l e  advantages of t h i s  method , and the  
survey  ind ica t ed  t h a t  t h e  metal ized or  flame-sprayed w e a r - r e s i s t a n t  
raceways by themselves would not be  adequate  f o r  t h e  r equ i r ed  speeds 
and loads .  A s  a r e s u l t ,  no candida te  r e p r e s e n t a t i v e  of  t h e s e  l u b r i c a t i o n  
methods were s e l e c t e d .  
9 
Table 111-1 presen t s  a t a b u l a t i o n  of t h e  l u b r i c a t i n g  materials 
t h a t  were s e l e c t e d  f o r  eva lua t ion  i n  t h e  b a l l - p l a t e  tes ter .  The f i r s t  
m a t e r i a l ,  Rulon A ( s i l i c o n - f i l l e d  Tef lon) ,  w a s  s e l e c t e d  as t h e  perform- 
ance "standard" a g a i n s t  which a l l  t h e  o t h e r  m a t e r i a l s  w e r e  compared. 
The "s tandard" and t h e  f i r s t  ten cand ida te  l u b r i c a n t  materials l i s t e d  
i n  t a b l e  111-1 were t e s t e d  i n  Phase I. A d e t a i l e d  d i s c u s s i o n  of t h e  
Phase I material s e l e c t i o n  and r e s u l t s  of  t h e  eva lua t ion  tests is  pre-  
sen ted  i n  Ref. 1. Candidate l u b r i c a n t s  number 11 through 20 were t e s t e d  
i n  Phase I1 of  t h e  program and are d iscussed  i n  S e c t i o n  IV of t h i s  r e p o r t  
The t e s t i n g  i n  t h e  Phase I p o r t i o n  of Cont rac t  NAS8-11537 produced 
s e v e r a l  m a t e r i a l s  t h a t  showed promise as l u b r i c a n t s  f o r  u s e  i n  a l i q u i d  
hydrogen environment,  t h e  most ou ts tanding  of  which w a s  Sa lox  M. 
material ,  which i s  a b ronze - f i l l ed  Teflon,  demonstrated a h igh  degree 
This 
of l u b r i c i t y  and wear r e s i s t a n c e ,  bu t  due t o  t h e  presence of Teflon it  
has  a r e l a t i v e l y  low r e s i s t a n c e  t o  r a d i a t i o n  damage (10 ergs/gram).  
Recognizing t h a t  s o m e  f u t u r e  a p p l i c a t i o n s  are  expected t o  r e q u i r e  
s a t i s f a c t o r y  bear ing  ope ra t ion  i n  a l i q u i d  hydrogen environment a t  much 
h igher  r a d i a t i o n  l e v e l s  , t h e  Phase I1 p o r t i o n  was d i r e c t e d  toward devel-  
opment of l u b r i c a n t s  with higher  r a d i a t i o n  r e s i s t a n c e .  Seve ra l  of t h e  
m a t e r i a l s  s e l e c t e d  i n  Phase I1 were re f inements  of composites t h a t  
showed promise i n  t h e  Phase I o r  e a r l y  Phase I1 t e s t i n g .  The cand ida te  
5 
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l u b r i c a n t  m a t e r i a l s  s e l e c t e d  fo r  eva lua t ion  i n  Phase I1 can b e  ca t egor i zed  
a2 fol lows:  
1. F i l l e d  organic  polymers 
2. Dry l u b r i c a n t  coa t ing  
3 .  Metal composites.  
These materials o r  material combinations possess  varying degrees  
of r e s i s t a n c e  t o  nuc lea r  r a d i a t i o n  from 7 x 10l1 ergs/gram (C) f o r  
t h e  polymers t o  g r e a t e r  t han  l O l 7  ergs/gram(C) f o r  t h e  metal composites.  
Ergs per  gram (carbon) r e f e r s  t o  t h e  energy absorbed by the  sample. 
The above threshold  dosage va lue  is f o r  s t a t i c  i r r a d i a t i o n  i n  a i r .  
B. PHASE I1 CANDIDATE MATERIAL SELECTION 
The fo l lowing  paragraphs d i scuss  t h e  s e l e c t i o n  of  Phase I1 cand ida te  
l u b r i c a n t s ,  s t a r t i n g  with No. 11. 
1. Candidate  No. 11 (Polyimide - Molydisulfide-Copper) 
A MoS2 - f i l l e d  polyimide was t e s t e d  dur ing  Phase I and demonstrated 
good l u b r i c a t i n g  p r o p e r t i e s ,  but r a t h e r  poor wear r e s i s t a n c e .  It 
appeared from t h e  r e s u l t s  o f  these tests t h a t  t h e  wear w a s  due t o  t h e  
low thermal conduc t iv i ty  of the mater ia l ,  which r e s u l t e d  i n  a h igh  
s u r f a c e  temperature  i n  t h e  b a l l  pocket and f lowing of t he  m a t e r i a l  
under load .  The good l u b r i c a t i n g  q u a l i t i e s  of t h i s  material made i t  
worthy of c o n s i d e r a t i o n  f o r  f u r t h e r  t e s t i n g  i n  Phase 11. To improve 
t h e  thermal conduc t iv i ty  and r e s i s t a n c e  t o  wear,  copper was added t o  
g i v e  a composition of  70% polyimide-lWo MoS -2W0 copper.  
w a s  s e l e c t e d  as t h e  f i r s t  candida te  f o r  Phase I1 t e s t i n g .  
This material 2 
2. Candidate  No. 12 (Nickel - Molydisu l f ide)  
The nex t  cand ida te  se l ec t ed  w a s  a metal composite o f  n i c k e l  and 
MoS2. A similar composite (Ag - MoS ) w a s  t e s t e d  i n  Phase I and d i s -  
played good l u b r i c a t i n g  c h a r a c t e r i s t i c s ,  but  poor wear r e s i s t a n c e .  A 
r educ t ivn  i n  MoS con ten t  w a s  considered a s  a means of improving wear 
r e s i s t a n c e ,  bu t  d a t a  from wear r a t e  tests conducted under a s e p a r a t e  
program revea led  t h a t  a reduct ion  i n  MoS t o  a s  low as 5% had no 
s i g n i f i c a n t  e f f e c t  on wear r a t e .  Therefore ,  t h e  s i l v e r  w a s  rep laced  
wi th  n i c k e l  as the  m a t r i x  m a t e r i a l  i n  a n  a t t empt  t o  improve wear r e s i s t a n c e .  
2 
2 
2 
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Table 111-1. 
Materials (Ba l l s  and Races a re  AIS1 440C) 
Summary of Candidate Lubr icant  
Candidate  
Number 
A 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
14 
15 
16 
1 7  
18 
19 
20 
Lubricant  Ma te r i a l  
S i l i c o n - f i l l e d  Teflon (40-60 by weight) (Rulon A) 
Bronze-Pb-PTFE on steel  s t r i p  
Bronze- f i l l ed  Teflon (40-60 by weight )  (Salox M )  
MoS2-fil led Teflon (15-85 by volume) 
Ag-MoS2 Matr ix  (80-20 by volume) 
A1-MoS2 Matr ix  (80-20 by volume) 
Ag-CaF Matr ix  (80-20 by volume) 2 
Boron N i t r i d e  
S i l i c o n - f i l l e d  Teflon i n s e r t  (Rulon A)  w i th  MLF-5 
coa t ings  on races 
MoS - f i l l e d  Polyimide (15-85 by weight)  
S i l i c o n e - f i l l e d  Teflon i n s e r t  <RuLouA) wi th  Fluorocarbon 
telomer coa t ing  on races 
Cu-MoS - f i l l e d  Polyimide (20-10-70 by volume) 
Ni-MoS ma t r ix  (80-20 by volume) 
Bronze r e t a i n e r  with MLF-5 coa t ing  on r a c e s  
Bronze- f i l l ed  Polyimide (20-80 by volume) 
Bronze-f i l l e d  Polyimide (30-70 by volume) 
U n f i l l e d  Polyimide 
2 
2 
2 
Bronze-f i l l e d  Polyimide (40-60 by volume) 
MoS2 impregnated Ag ( s i n t e r e d  f i b e r s )  
MoS2 impregnated Bronze ( s i n t e r e d  f i b e r s )  
Ag -WS e2 - f il l ed  Po lyimide (7 5 - 5-2 0 by vo lume ) 
111-3 
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3 .  Candidate  N o .  13 (Bronze - Molydisu l f ide  - Gold - Graphi te )  
A dry  f i l m  l u b r i c a n t  (MLF-5) w a s  s e l e c t e d  a s  t h e  13th cand ida te .  
MLF-5 is a composite of  MoS - gold - g r a p h i t e  and w a s  bonded t o  t h e  
s u r f a c e  of bronze b a l l  r e t a i n e r  i n s e r t s  and t o  t h e  p l a t e s  with a sodium 
s i l i c a t e  b inder .  
coa t ings  such as MLF-5 t o  high-speed bea r ings ,  bu t  exper ience  wi th  t h i s  
l u b r i c a n t  i n  high-load low-speed a p p l i c a t i o n s  warranted a m a t e r i a l  
e v a l u a t i o n  test  i n  t h i s  program. 
2 
No information could be  found on t h e  a p p l i c a t i o n  of  
4. Candidates No .  14 and 15 (Polyimide-Bronze) 
The pol imide-molydisulf ide copper composite (candida te  N o .  11) was 
t e s t e d  e a r l y  i n  Phase I1 and, l i k e  t h e  polyimide-graphi te  composite 
t e s t e d  i n  Phase I ,  disp layed  good l u b r i c a t i n g  q u a l i t i e s  bu t  ve ry  high 
wear r a t e  and i n d i c a t i o n s  of low s t r e n g t h .  The good l u b r i c a t i n g  q u a l i t i e s  
and r e l a t i v e l y  h igh  r e s i s t a n c e  t o  r a d i a t i o n  damage (10 
of  t h e  polyimide warranted a n  e x t r a  e f f o r t  t o  develop a l u b r i c a n t  
based on t h i s  material. This proper ty ,  coupled wi th  t h e  ou t s t and ing  
r e s u l t s  w i th  t h e  Teflon-bronze combination (Salox M) t e s t e d  i n  Phase I, 
l ed  t o  t h e  s e l e c t i o n  of a b ronze - f i l l ed  polyimide a s  t he  next  candida te .  
The optimum r a t i o  of bronze t o  polyimide was unknown. However, t h e  
same r a t i o  of  bronze (2Wo by volume) as i n  t h e  Sa lox  M w a s  s e l e c t e d  as 
t h e  14th cand ida te  and 3077, bronze by volume w a s  s e l e c t e d  as t h e  15th 
cand ida te .  Tes t ing  o f  both the  2077 and 30% combinations e s t a b l i s h e d  
t r ends  as t o  t h e  r a t i o  t h a t  w i l l  p rovide  optimum performance. 
9 - 10l1 ergs/gram) 
5 .  Candidate N o .  16 (Unf i l l ed  Polyimide) 
Recent tests on bear ings  us ing  u n f i l l e d  polyimide a s  t h e  l u b r i c a n t  
and conducted i n  a vacuum environment a t  temperatures  up t o  700°F 
i n d i c a t e  t h a t  t h e  polyimide can opera t e  s a t i s f a c t o r i l y  a t  h igh  t e m -  
p e r a t u r e .  The r e s u l t s  of  t hese  tests seemed t o  c o n t r a d i c t  t h e  theory  
t h a t  t h e  low thermal conduc t iv i ty  o f  t h e  polyimide would r e s u l t  i n  high 
s u r f a c e  temperatures  i n  t h e  b a l l  con tac t  area. However, t h e  a d d i t i o n  of 
m e t a l  f i l l e r s  i nc reases  the  weight of t h e  l u b r i c a n t  and a l s o  reduces 
the s t r e n g t h  of t h e  polyimide. Therefore ,  i nc reases  t h e  stress i n  t h e  
l u b r i c a n t  r e t a i n e r .  For t h e s e  reasons ,  t h e  u n f i l l e d  polimide w a s  
s e l e c t e d  as a cand ida te  m a t e r i a l .  
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6 .  Candidate  No. 17 (Polyimide-Bronze, 60-40%) 
T e s t s  conducted on the u n f i l l e d  polyimide and t h e  polyimide-bronze 
composites (numbers 1 4  and 15)  of 80-20 and 70-30 r a t i o s  by volume 
showed t h a t  t h e  w e a r  r e s i s t a n c e  inc reased  w i t h  a n  i n c r e a s e  i n  t h e  per -  
cen tage  of bronze.  The re fo re ,  a composite w i t h  60% and 40% bronze was  
s e l e c t e d  as t h e  17 th  candida te ,  T e s t s  on composites numbers 14 and 15 
a l s o  revea led  t h a t  as t h e  content  of  bronze f i l l e r  inc reased ,  t h e  s t r e n g t h  
of  the polyimide-bronze composite decreased. Based on t h i s ,  a f u r t h e r  
i n c r e a s e  i n  bronze con ten t  was n o t  cons idered .  
7. Candidate No. 18 (Silver Fe l tmeta l  Impregnated w i t h  MoS ) 
2 
The maximum r e s i s t a n c e  t o  nuc lear  r a d i a t i o n  i n  a l u b r i c a n t  material 
w i l l  r e q u i r e  t h e  use of pu re ly  metallic o r  ceramic composites i n  which 
l u b r i c a t i o n  is  supp l i ed  by such materials as MoS t h e  d i s e l e n i d e s ,  o r  
d i t e l l u r i d e s  impregnated i n  a base o r  ma t r ix  material. 
2' 
The silver-MoS2 combination t e s t e d  i n  Phase I has been t h e  most 
ou t s t and ing  m e t a l  composite t e s t e d  t o  d a t e .  This cand ida te  has  demon- 
s t r a t e d  e x c e l l e n t  l u b r i c a t i n g  c h a r a c t e r i s t i c s ,  b u t  r a t h e r  poor w e a r  
r e s i s t a n c e .  
f a b r i c a t e d  have been considered t o  improve wear r e s i s t a n c e .  One of t h e  
most promising mod i f i ca t ions  i s  t o  r e p l a c e  t h e  c u r r e n t  s i n t e r e d  method 
of  f a b r i c a t i o n  w i t h  an impregnated w i r e - f a b r i c  method. This  technique ,  
which involves  t h e  weaving of  very f i n e  w i r e  i n t o  a c l o t h l i k e  s t r u c t u r e  
t h a t  can be impregnated w i t h  the d e s i r e d  l u b r i c a n t ,  should provide 
t h e  s t r e n g t h  of t h e  base  m e t a l  that i s  o f t e n  reduced i n  a s i n t e r e d  
composite. Therefore ,  t h e  18 th  cand ida te  w a s  a s i l v e r  w i r e - f a b r i c  
impregnated w i t h  MoS 
this  test t o  provide  a r e l a t i v e l y  h igh  volume of l u b r i c a n t  a t  t h e  ba l l  
c o n t a c t  su r f ace .  
Various modi f ica t ions  t o  t h e  composite and t h e  way i t  is 
A w i r e - f a b r i c  d e n s i t y  of 50% was  s e l e c t e d  f o r  2' 
8. Candidate  No. 19 (Bronze Fe l tme ta l  Impregnated w i t h  MoS ) 2 
S e l e c t i o n  of s i lver  f e l t m e t a l  impregnated wi th  MoS as t h e  1 8 t h  
cand ida te  was  t h e  r e s u l t  of a search  f o r  a material w i t h  h igh  r e s i s t a n c e  
t o  r a d i a t i o n  damage and w i t h  h igher  w e a r  resistance t h a n  t h e  s i n t e r e d  
Ag-MoS 
s i l v e r  f e l t m e t a l  composite and on bronze f e l t m e t a l  impregnated w i t h  
2 
composite t e s t e d  i n  Phase I. F r i c t i o n  and wear tests on t h e  2 
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MoS2 showed t h e  bronze composite t o  be a t  least  as good as  the  s i l v e r .  
The bronze-MoS2 composite w a s  an a t t r a c t i v e  candida te  because of t h e  
i n h e r e n t  s e l f - l u b r i c a t i n g  q u a l i t i e s  of bronze and t h e  t r a n s f e r  l u b r i -  
c a t i n g  a b i l i t y  of  t h e  MoS 
9. Candidate  No. 20 (Silver-Polyimide-Tungsten d i s e l e n i d e )  
2' 
This  cand ida te  (silver-polyimide-WSe 75-20-5% by volume) w a s  s e l e c t e d  2' 
because of i ts  high t e n s i l e  s t r e n g t h  (approximately 10,000 p s i )  and good 
resistance t o  r i d i a t i o ~  dim2-n b-' Tests csxductzd 5y the  xanufactiirer hziis 
shown no s i g n i f i c a n t  change i n  hardness ,  f r i c t i o n ,  o r  wear a f t e r  75 days 
exposure t o  approximately l O I 3  f a s t  neutrons/cm2 and 1 0  
r a d i a t i o n .  F r i c t i o n  and wear tests i n d i c a t e  t h a t  t h i s  composite possesses  
good l u b r i c a t i n g  q u a l i t i e s  and h igh  w e a r  r e s i s t a n c e .  The h igh  t e n s i l e  
s t r e n g t h  i s  an important  f a c t o r  i n  t h e  s e l e c t i o n  of  a r e t a i n e r  m a t e r i a l  
f o r  a h igh  speed cage design.  
8 R/hour g a m a  
Other  m e t a l  composi tes ,  as w e l l  as s e v e r a l  ceramics, w e r e  cons idered  
f o r  cand ida te  l u b r i c a n t  m a t e r i a l s .  Two metal composites,  90% MoS2-8% 
Fe-2% P t  and 80% MoS -16% Fe-4% Pd, w e r e  eva lua ted  as p o s s i b l e  candi-  
da t e s .  These two composites were found t o  be  the  b e s t  i n  f r i c t i o n  and 
w e a r  c h a r a c t e r i s t i c s  of over 200 combinations t e s t e d  by Campbell and 
Van Wyk (Ref. 2) a t  ambient and h igh  temperatures .  They a l s o  opera ted  
s a t i s f a c t o r i l y  i n  subsequent bear ing tes ts .  
MoS2-Fe-Pt composite f o r  i n v e s t i g a t i o n .  The s i n t e r e d  composite w a s  
found t o  be extremely b r i t t l e  even a t  room temperature ,  which makes i t  
u n l i k e l y  t h a t  t h i s  composite could ope ra t e  s a t i s f a c t o r i l y  a t  cryogenic  
temperatures .  It i s  p o s s i b l e  t h a t  improvement i n  t h e  s i n t e r i n g  process  
may provide t h e  r equ i r ed  d u c t i l i t y .  However, t h i s  would r e q u i r e  ex- 
t e n s i v e  development work and was cons idered  t o  be o u t s i d e  t h e  scope 
of t h i s  con t r ac t .  
2 
A sample w a s  made of t h e  
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SECTION I V  
EVALUATION OF SELECTED MATERIAL CANDIDATES 
The performance eva lua t ion  of  materials is more meaningful i f  com- 
pared t o  a b a s i c  requirement  o r  s tandard .  
under Phase I of th is  c o n t r a c t  was d i r e c t e d  toward e s t a b l i s h i n g  a 
s t anda rd  by t e s t i n g  materials t h a t  had demonstrated a degree  of success  
i n  e x i s t i n g  cryogenic  bear ing  a p p l i c a t i o n s .  The material combination 
t h a t  w a s  s e l e c t e d  from t h e s e  tests was Rulon A i n s e r t s  w i t h  AIS1 44OC 
b a l l s  and races. From t h e s e  tests of Rulon A,  a minimum l e v e l  of l u b r i -  
c a t i o n  and w e a r  performance was e s t a b l i s h e d .  For  cons ide ra t ion  i n  sub- 
sequent  bea r ing  t e s t s ,  a candida te  material should m e e t  t h e  fo l lowing  
re qu i  remen t s : 
P a r t  of t h e  work completed 
1. Complete a minimum of 10 hours running a t  an equ iva len t  DN 
va lue  o f  4 x 10 nun-rpm w i t h  no b a l l  o r  p l a t e  damage 6 
2 .  Reta ine r  i n s e r t  w e a r  n o t  t o  exceed 50% 
wear diameter  - i n s e r t  I D  
i n s e r t  OD - i n s e r t  I D  i n s e r t  wear = x 100 . 
Figure  I V - 1  i s  a c loseup  view of t h e  b a l l - p l a t e  test appara tus  used 
i n  t h e s e  tests wi th  t h e  test s e c t i o n  open. The t h r e e  test  b a l l s  can 
be seen i n  t h e i r  r e t a i n e r  i n s e r t s .  S i x  of t h e  Phase I and Phase I1 
candida tes  completed 1 0  hours a t  equ iva len t  DN va lues  of 4 x 10  
wi th  no damage t o  t h e  b a l l s  and p l a t e s .  In spec t ion  of t h e  b a l l s  and 
p l a t e s  showed them t o  b e  i n  e x c e l l e n t  condi t ion .  The w e a r  t r a c k s  were 
h igh ly  pol i shed  and showed no evidence of f a t i g u e .  On t h e  o t h e r  hand, 
t h e  r e t a i n e r  i n s e r t  wear var ied  from low t o  ve ry  h igh  w i t h  only four  
candida tes  meeting t h e  50% wear requirement  p rev ious ly  mentioned. Wear 
i n  excess  of 50% w a s  considered unacceptab le  f o r  an a c t u a l  b a l l  bea r ing  
r e t a i n e r .  The t e s t s  of a l l  20 cand ida te  materials are summarized i n  
t a b l e  I V - 1 .  
6 
mm-rpm 
The Salox M d isp layed  the lowes t  w e a r  of any of t h e  m a t e r i a l s  t e s t e d .  
The l u b r i c a t i n g  q u a l i t y  of the Tef lon  combined w i t h  t h e  h igh  thermal con- 
d u c t i v i t y  of the bronze provided t h i s  composite w i th  a h igh  r e s i s t a n c e  t o  
w e a r  as w e l l  as good t r a n s f e r  l u b r i c a t i n g  c h a r a c t e r i s t i c s .  The t es t  
r e s u l t s  of a l l  Phase I candida tes  are d i scussed  i n  Ref. 1. 
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Candidate 
Number 
*A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10  
11 
12 
1 3  
1 4  
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Table  I V - 1 .  Summary of Candidate  Lubr icant  Materials 
Lubr i can t  Ma te r i a l  L imi t ing  T e s t  Hours 
(Ba l l s  and Races Condit ion t o  
are AIS1 440C DN Value x loe6 F a i l u r e  
Throughout) (10 h r  
max) 
S i l i c o n - f i l l e d  Teflon 4 10  
(40-60 by weight) 
(Rulon A) 
Bronze-Pb-PTFE on s t ee1  4 4.6 
s t r i p  
Bronze - f i l l ed  Teflon 4 lo+  
(40-60 by weight) 
(Salox M) 
MoS2 f i l l e d  Teflon 
(15-85 by volume) 
2 5.5 
Ag-MoS ma t r ix  (80-20 4 10 
by volume) 
A1-MoS2 matrix (80-20 2 6.6 
by volume) 
Ag-CaJ? m a t r i x  (80-20 2 3.5 
by volume) 
Boron N i t r i d e  2 5.5 
S i l i c o n - f i l l e d  Teflon 4 1oc 
i n s e r t  (Rulon A) with 
MLF-5 coa t ings  on 
races 
(15-85 by weight)  
2 
2 
MoS 2- f i l l e d  Poly imide 4 4.7 
S i l i c o n - f i l l e d  Teflon 4 
insert  (Rulon A) w i th  
f luorocarbon te lomer 
c o a t i n g  on races 
4.5 
Cu-MoS - f i l l e d  Polyimide 4 0.3 
(20-10-70 by  volume) 
Ni-MoSp matrix (80-20 4 3 . 0  
by volume) 
Bronze r e t a i n e r  w i t h  4 0.3 
MLF-5 coa t ing  on races  
2 
Bronze - f i l l ed  Polyimide 4 9.0 
(20-80 by volume) 
I n s e r t  
Wear 
Medium 
High 
Low 
Very h igh  
High 
High 
Very h igh  
Very h igh  
Low 
High 
High ( c o a t i n g  
b u i l t  up) 
Very h igh  
Very h igh  
Very h i g h  
( coa t ing  
wore o f f )  
High 
* 
Reference material f o r  comparison 
IV-3 
Candidate 
Number 
1 5  
1 6  
17 
18 
19 
20 
Table I V - 1 .  Summary of Candidate Lubricant 
(Continued) 
Lubr icant  Mater ia l  L imi t ing  T e s t  
( B a l l s  and Races Condit ion 
are AIS1 440C DN Value x 
Throughout 
Bronze- f i l l ed  Polyimide 4 
Polyimide ( u n f i l l e d )  4 
Bronze- f i l l ed  Polyimide 4 
MoS impregnated Ag 4 
(30-70 by volume) 
(40-60 by volume) 
( s i n t e r e d  f i b e r s )  2 
MoS2 impregnated 
Bronze ( s i n t e r e d  
f i b e r s )  
4 
Ag-WSe2-filled Polyimide 4 
(75-5-20 by volume) 
B. PHASE I1 CANDIDATE TEST RESULTS 
~- ~~ 
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M a t  e r i  a1 s 
Hours 
t o  
F a i l u r e  
(10 h r  
max)  
1 o+ 
7.0 
10+ 
9.6 
0.2  
10+ 
T e s t  r e su l t s  o f  phase I1 candida tes  a r e  d iscussed  i n  t h e  
paragraphs . 
I n s e r t  
Wear 
Medium 
Very h igh  
Low 
High 
Very h i g h  
Low 
Eo 1 lowing 
1. Candidates No. 11 and 12  (Polyimide-MoS -Cu, and Ni-MoS,) 2 L 
The f i r s t  t e s t  on  each of t h e s e  m a t e r i a l s  r e s u l t e d  i n  complete 
d e s t r u c t i o n  of t h e  m a t e r i a l  samples, making a n a l y s i s  of  t h e  type  o f  
f a i l u r e  v i r t u a l l y  imposs ib le .  For t h e  second t e s t ,  t h e  v i b r a t i o n  a b o r t  
l i m i t  was set  a t  a l e v e l  low enough t o  s t o p  t h e  t e s t  before  t h e  i n s e r t s  
were destroyed.  With t h e  lower a b o r t  l i m i t ,  t h e  polyimide-MoS -Cu 
m a t e r i a l  r a n  f o r  approximately 1 hour and t h e  Ni-MoS composite r a n  f o r  
12 minutes,  compared t o  3 hours and 17 minutes,  r e s p e c t i v e l y ,  f o r  t h e  
f i r s t  t e s t s .  I n  both cases, the  m a t e r i a l  samples showed e x c e s s i v e  
wear and were broken o u t  of the r e t a i n e r  p l a t e s .  The b a l l s  and p l a t e s  
were badly damaged i n  both t e s t s .  The i n c r e a s e  i n  wear r a t e  o f  t h e  
polyimide-MoS -Cu over t h e  polyimide - MoS m a t e r i a l  t e s t e d  i n  Phase I 
may be due t o  a f a i l u r e  t o  o b t a i n  a s a t i s f a c t o r y  bond between t h e  
c o n s t i t u e n t s  dur ing  f a b r i c a t i o n .  This  i s  evidenced by t h e  tendency of  
t h e  m a t e r i a l  t o  f l a k e  o r  c h i p  dur ing  t e s t i n g .  
2 
2 
2 2 
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The Ni-MoS composite displayed much lower wear r e s i s t a n c e  than  t h c  2 
Ag-MoS2 combination of  Phase I. 
average w e a r  r e s i s t a n c e  i n  high temperature  a p p l i c a t i o n s  where t h e  
environment main ta ins  a continuous oxide f i l m  on t h e  s u r f a c e .  The 
reducing a c t i o n  of  t h e  hydrogen i n  t h e s e  t e s t s  tends  t o  remove t h e  
p r o t e c t i v e  oxide  f i l m ,  and the  MoS apparent ly  cannot provide adequate 
2 
l u b r i c a t i o n .  I n  a d d i t i o n ,  t h e  nickel-MoS was extremely b r i t t l e ,  l e a d i n g  
t o  f r a c t u r e - t y p e  f a i l u r e .  
Nickel  i s  known t o  possesr; be t te r - than-  
2 
For t h i s  t e s t  t h e  p l a t e s  and a set o f  bronze i n s e r t s  were coa ted  w i t h  
MLF-5 using sodium s i l i c a t e  as the binder .  The tes t  was terminated a f t e r  
5 minutes when v i b r a t i o n  of  the test  appara tus  exceeded t h e  p r e s e t  a b o r t  
l i m i t .  I n s p e c t i o n  of  t h e  p a r t s  revea led  t h a t  t h e  MLF-5 c o a t i n g  had worn 
o f f  t h e  i n s e r t s  and p l a t e s  i n  t h e  b a l l  c o n t a c t  a r e a s ,  and t h e  i n s e r t s  
w e r e  s l i g h t l y  worn. The poor performance experienced wi th  t h i s  candida te  
material  r e s u l t e d  i n  the d e c i s i o n  t h a t  d r y  f i l m  l u b r i c a n t s  appl  ed i n  
t h i s  manner should not  be considered f o r  f u r t h e r  t e s t i n g .  
3.  Candidates  No. 14 and 15 (Polyimide-Bronze, 80-20 and 70-30% by Volume) 
The f i r s t  test of  b o t h  candida tes  w a s  terminated prematurely by a test 
appara tus  d r i v e  b e l t  f a i l u r e ;  t h e  80-20% a f t e r  9 hours  and t h e  70-30% a f t e r  
2 hours .  F a i l u r e  of  one o f  the two d r i v e  b e l t s  causes  t h e  i n s e r t  carrier 
t o  a c c e l e r a t e .  The c e n t r i f u g a l  f o r c e  on t h e  b a l l s  caused by t h i s  r o t a t i o n  
i s  r e s i s t e d  only by t h e  l u b r i c a n t  i n s e r t ,  which w e a r s  away r a p i d l y  under 
t h e  combination of b a l l  v e l o c i t y  and load.  I n  both  i n s t a n c e s ,  t h e  t es t  
r i g  was  s h u t  down immediately and, even though t h e  b a l l s  and p l a t e s  w e r e  
damaged, t h e  w e a r  on the i n s e r t s  from normal o p e r a t i o n  p r i o r  t o  t h e  
f a i l u r e  could b e  determined. The 80-20% composite i n s e r t s  showed r e l a t i v e l y  
h igh  wear and s i g n s  of excess ive  temperature  a t  t h e  b a l l - t o - l u b r i c a n t  
c o n t a c t  s u r f a c e .  The 70-30% composite i n s e r t s  showed n e g l i g i b l e  wear 
i n  t h e  normal b a l l  c o n t a c t  a r eas .  The second test o f  t h e  80-20% composite 
ended a f t e r  72  minutes when the t e s t  appara tus  v i b r a t i o n  exceeded t h e  p r e s e t  
a b o r t  l i m i t .  The a b o r t  was caused by a sudden i n c r e a s e  i n  v i b r a t i o n ,  
which o c c a s i o n a l l y  occurs  when a s m a l l  p a r t i c a l  of t h e  l u b r i c a n t  mater ia l  
breaks  o u t  and remains i n  t h e  b a l l  path.  The tes t  w a s  n o t  cont inued because,  
a l though the p l a t e s ,  b a l l s ,  and i n s e r t s  were i n  good c o n d i t i o n ,  the w e a r  
I V -  5 
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r a t e  on t h e  i n s e r t s  was excessive a s  i n  t h e  previous tes t .  The second tes t  
on t h e  70-30% composite completed 10 hours.  The i n s e r t  wear was  moderate 
( f i g u r e  IV-3) showing a marked improvement over  t h e  80-20% composite. 
4 .  C m d i d a t e  NO.  16 (Unf i l led  Polyimide) 
This  c a n d i d a t e  was run  f o r  s l i g h t l y  over 7 hours  before  t h e  v i b r a t i o n  
a b o r t  l i m i t  was exceeded. The i n s e r t s  ( f i g u r e  I V - 2 )  i n  t h i s  c a s e  were 
worn through and t h e  b a l l s  and p l a t e s  were d i s c o l o r e d .  There was no 
ev idence  of damage t o  e i t h e r  the b a l l s  o r  p l a t e s .  The appearance of  
t h e  i n s e r t s  and b a l l s  i n d i c a t e d  e x c e s s i v e  temperature  a t  t h e  c o n t a c t  
s u r f a c e .  This  i s  e s s e n t i a l l y  what had been expected and suppor ts  t h e  
d e c i s i o n  t o  use a f i l l e r  such a s  bronze t o  improve thermal  c o n d u c t i v i t y .  
5. Candidate No. 17 (Polyimide-Bronze, 60-40%) 
This  bronze-polyimide w i t h  40% by volume of bronze success  f u l l y  
6 completed 10 hours  a t  t h e  equiva len t  DN of  4 x 10 . The b a l l s  and 
p l a t e s  w e r e  i n  e x c e l l e n t  condi t ion  and t h e  r e t a i n e r  i n s e r t  wear was 
v e r y  low, second only  t o  the Salox-M t e s t e d  i n  Phase I. Figure IV-3 
shows t y p i c a l  i n s e r t  wear on t h i s  candida te .  
6 .  Candidate N o .  18 (Ag-MoS2, Impregnated Fe l tmeta l )  
The f i r s t  t e s t  on t h e  MoS -impregnated s i l v e r  f e l t m e t a l  completed 
9 hours  and 20 minutes before  being terminated by t h e  v i b r a t i o n  a b o r t  
system. The i n s e r t s  showed heavy wear, wi th  t h e  b a l l s  and p l a t e s  i n  
good c o n d i t i o n  except  f o r  a coat o f  s i l ve r .  The second tes t  on t h i s  
candida te  l a s t e d  only 1 hour and 30 minutes;  aga in  t h e  i n s e r t  wear was 
heavy and t h e  b a l l s  and p l a t e s  w e r e  w e l l  l u b r i c a t e d .  R e s u l t s  of  t h e s e  
tes ts  were s i m i l a r  t o  those  of t e s t s  conducted i n  Phase I on a s i n t e r e d  
Ag-MoS composite i n  t h a t  t h e  c a n d i d a t e  d isp layed  e x c e l l e n t  l u b r i c a t i n g  
p r o p e r t i e s ,  but a comparatively low r e s i s t a n c e  t o  wear. 
2 
2 
7 .  Candidate No. 19(Bronze-MoS2, Impregnated Fe l tmeta l )  
The two t e s t s  o f  t h e  MoS impregnated bronze f e l t m e t a l  each l a s t e d  
less than  20 minutes ,  a t  which t i m e  t h e  v i b r a t i o n  a b o r t  l i m i t  was exceeded. 
The l u b r i c a n t  i n s e r t s  were badly worn and f r a c t u r e d  i n  both t e s t s ,  and 
t h e  b a l l s  and p l a t e s  were damaged. Low s t r e n g t h  o f  t h e  extremely f i n e  
w i r e  used t o  make t h e  f e l t m e t a l  was a p p a r e n t l y  one o f  t h e  major f a c t o r s  i n  
t h e  e a r l y  f a i l u r e ;  t h e  m a t e r i a l  showed i n d i c a t i o n s  o f  “flowing” under t h e  
b a l l  loading .  
2 
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8 .  Candidate N o .  20 (Ag-Polyimide WSe ) 
2 
The f i r s t  test  on t h e  Ag-polyimide-WSe2 s u c c e s s f u l l y  completed 10 hour s ,  
w h i l e  t h e  second tes t  w a s  t e rmina ted  a f t e r  9 hours 18 minutes by a v i b r a -  
t i o n  abor t .  A s  i n  t h e  case  of  t h e  polyimide-bronze (80-20) t e s t ,  t h e  
a b o r t  was caused by a sudden increase i n  v i b r a t i o n .  The l u b r i c a n t  i n s e r t s  
from both tests (shown i n  f i g u r e  IV-4) showed only moderate wear, s l i g h t l y  
h e a v i e r  than  t h a t  of  t h e  polyimide-bronze (60-40). The b a l l s  and p l a t e s  
were w e l l  coa ted  w i t h  s i l v e r  and i n  e x c e l l e n t  cond i t ion .  
9. Re la t ed  Lubr icant  Tests 
A series of  t e s t s  o f  55-mm bea r ings  wi th  Salox M cages i n  l i q u i d  
hydrogen were conducted under an independent r e s e a r c h  program. I n  t h i s  
series of  tests, t h e  55-mm bear ings  were run  a t  speeds up t o  40,000 rpm 
(2.2 x lo6 DN). 
unexpectedly h igh  wear a f t e r  a very b r i e f  o p e r a t i o n  a t  40,000 rpm, and 
the Salox  material i n  each case  showed s l i g h t  i n d i c a t i o n  of  overhea t ing .  
On subsequent tests t h e  coo lan t  f low rate  w a s  i nc reased  and t h e  bea r ings  
ope ra t ed  s u c c e s s f u l l y  a t  40,000 rpm f o r  10 hours .  This  r e s u l t e d  i n  a 
d e c i s i o n  t o  repeat t h e  b a s e l i n e  tes ts  on Salox M i n  t h e  b a l l - p l a t e  tester.  
I n  t h e  f i r s t  tes ts  o f  t h e  series t h e  Salox cages showed 
I n  the Phase I1 p o r t i o n  of t h i s  c o n t r a c t  s e v e r a l  s t e p s  were taken  t o  
reduce  hydrogen consumption during t h e  b a l l - p l a t e  t e s t i n g .  One o f  t h e  
changes was t h e  r e l o c a t i o n  o f  a Rosemount tempera ture  probe used t o  
measure t h e  r i g  d i scha rge  tempera tures .  This  probe i s  monitored dur ing  
each  t e s t ,  and t h e  l i q u i d  hydrogen flow ra te  i s  set t o  main ta in  l i q u i d  
f l o w  ou t  o f  t h e  r i g .  The r e l o c a t i o n  of  t h e  probe r e s u l t e d  i n  a s i g n i f i c a n t  
(approximately 15%) r e d u c t i o n  i n  LH2 flow ra te .  
bea r ing  test  r a i s e d  a q u e s t i o n  a s  t o  whether o r  no t  t h e  LH flow rate t o  
the b a l l - p l a t e  tester had been reduced enough t o  a f f e c t  t h e  r e s u l t s  of 
t h e  tests. Therefore ,  as p a r t  of t h e  same independent r e sea rch  program, 
a set of  Salox M i n s e r t s  was procured and i n s t a l l e d  i n  t h e  b a l l - p l a t e  
test  appa ra tus  and a 10-hour t e s t  w a s  conducted a t  t h e  equ iva len t  of  
4 x lo6  DN. 
t h e  Phase I r e s u l t s  and w e r e  cons iderably  worse than  t h e  polyimide- 
bronze tests i n  Phase 11. There w a s  s l i g h t  d i s c o l o r a t i o n  of t h e  b a l l s  
and r a c e s ,  whereas i n  Phase I t h e  b a l l s  had an  almost new appearance 
a f t e r  t h e  t es t .  
The r e s u l t s  of t h e  55-mm 
2 
The Salox M i n s e r t s  showed a marked i n c r e a s e  i n  w e a r  over 
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To confirm t h e  r e s u l t s  of  t h i s  t es t  and t o  ensu re  t h a t  t h e  inc reased  
wear was a func t ion  o f  t h e  l i q u i d  hydrogen flow and not  an unde tec t ab le  
change i n  t h e  r i g  o r  i t s  ope ra t ion ,  a second t e s t  was conducted on the  
Salox M wi th  the  h ighe r  f l o w  r a t e s  used i n  Phase I I n  t h i s  t es t  the  
i n s e r t  wear was reduced by approximately 50% over  t h e  f i r s t  t e s t ,  but 
was s t i l l  s l i g h t l y  g r e a t e r  than i n  Phase I. Figures  IV-5 through I V - 7  
show t h e  Salox M i n s e r t s  from t h e  tes t  i n  Phase I and the  two tests i n  
Phase 11, r e s p e c t i v e l y .  The reason f o r  t h e  i n c r e a s e  i n  wear between 
Phase I and t h i s  l a s t  tes t  has  not as y e t  been expla ined ,  but t h e  
m a t e r i a l  s t i l l  e x h i b i t e d  e x c e l l e n t  w e a r  c h a r a c t e r i s t i c s  and it  was 
decided  t o  u s e  i t  as  a b a s e l i n e  f o r  t h e  e v a l u a t i o n  of cand ida te s  i n  
Phase 11. 
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SECTION V 
SELECTION OF BEARING LUBRICANTS 
The r e su l t s  o f  t h e  l u b r i c a n t  m a t e r i a l  e v a l u a t i o n  i n  t h i s  program 
showed t h a t  f o r  r o l l i n g  con tac t  bear ings  o p e r a t i n g  i n  l i q u i d  hydrogen 
a t  DN va lues  up t o  4 x 10 mm-rpm under Her t z  s t ress  l e v e l s  up t o  
250,000 p s i  and s p i n / r o l l  r a t i o s  up t o  0.30, t he  most e f f e c t i v e  l u b r i c a n t  
m a t e r i a l  combinations were a s  follows i n  o rde r  of  dec reas ing  l e v e l  of 
o v e r a l l  performance: 
6 
Rank Re ta ine r  Mate r i a l  
1 
2 
Bronze- f i l l e d  f luorocarbon composite 
(20-80 by volume) Salox M 
S i l i con-  f i l l e d  f luorocarbon composite 
(40-60 by weight) w i th  MLF-5 c o a t i n g  on 
p l a t e s  
Bronze- f i l l ed  polyimide composite 
(40-60 by volume) 
Ag-WSe2 - f i l l e d  polyimide composite 
(75-5-20 by volume) 
S i l i con-  f i l l e d  f luorocarbon composite 
(40-60 by weight) 
Ag-MoS2 mat r ix  (80-20 by volume) 
From t h i s  l i s t  fou r  m a t e r i a l s  were s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  i n  
a c t u a l  bear ing  tests.  The l u b r i c a n t  m a t e r i a l s  ranked f i r s t ,  second, and 
f i f t h  demonstrated ou t s t and ing  l u b r i c a t i o n  and r e s i s t a n c e  t o  wear i n  
Phase I tes t s .  However, t h e s e  composites a r e  f i l l e d  Tef lons  and 
cannot be cons ide red  s a t i s f a c t o r y  f o r  a p p l i c a t i o n s  where r a d i a t i o n  
environments exceed 2 x lo6 e r g s  p e r  gram (C). This  r a d i a t i o n  l e v e l  
i s  g e n e r a l l y  accepted  as t h e  c r i t i c a l  dosage above which t h e  o rgan ic  
compound, Te f lon ,  l o s e s  i t s  s t r e n g t h .  These t h r e e  f i l l e d - T e f l o n  composites 
show promise of  p rov id ing  s a t i s f a c t o r y  cage m a t e r i a l s  f o r  bea r ings  where 
t h e  r a d i a t i o n  environment i s  low o r  moderate. One f i l l e d - T e f l o n  composite,  
Salox M (Rank l), w a s  s e l e c t e d  from t h e s e  t h r e e  f o r  f u r t h e r  e v a l u a t i o n .  
I n  Phase I1 b a l l - p l a t e  t e s t i n g ,  the b r o n z e - f i l l e d  polyimide composite 
(40-60 by volume) d i sp layed  adequate l u b r i c a t i n g  q u a l i t i e s  a s  w e l l  a s  
e x c e l l e n t  wear r e s i s t a n c e ,  second only t o  t h e  b r o n z e - f i l l e d  Tef lon .  
The u s e  of  polyimide i n  p l a c e  of Te f lon  a s  t h e  base m a t e r i a l  p rovides  a 
v- 1 
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11 s u b s t a n t i a l l y  h i g h e r  r e s i s t a n c e  t o  r a d i a t i o n  damage (approximately 10 
ergs/gram (C) a s  compared t o  10 ergs/gram (C) f o r  Te f lon ) .  Screening  
t e s t s  on t h e  t h r e e  b ronze - f i l l ed  polyimide composites (80-20, 70-30, 
and 60-40) showed a marked inc rease  i n  wear r e s i s t a n c e  and a dec rease  
i n  t e n s i l e  s t r e n g t h  wi th  an  inc rease  i n  bronze con ten t .  A f u r t h e r  
i n c r e a s e  i n  t h e  percentage  of bronze w a s  no t  a t tempted  because (1) it 
would f u r t h e r  reduce  t h e  t e n s i l e  s t r e n g t h  of  the composite,  and (2) t h e  
60-40 composite d i sp l ayed  a very l o w  wear r a t e .  Therefore ,  t h e  polyimide- 
h r n n r ~  (60-&@) romposite w a s  s e l e c t e d  a s  t h e  second cand ida te  f o r  bea r ing  
t e s t i n g  . 
6 
The wear ra te  o f  the fourth-ranked l u b r i c a n t  composite,  s i l v e r -  
t ungs t en  d ise len ide-poly imide  (75- 5-20 by volume) was r e l a t i v e l y  h igh  
b u t ,  i t s  l u b r i c a t i n g  q u a l i t i e s  w e r e  e x c e l l e n t .  The h igh  s i l v e r  con ten t  
i s  a l s o  expected t o  improve the  r e s i s t a n c e  t o  r a d i a t i o n  damage over o t h e r  
composites having h igh  polyimide c o n t e n t .  This m a t e r i a l  was t h e  t h i r d  
s e l e c t e d  f o r  f u r t h e r  eva lua t ion .  
The s ix th - r anked  l u b r i c a n t  m a t e r i a l  ( s i l ve r -molyd i su l f ide )  i s  an 
all-metal composite t h a t  w i l l  p rov ide  t h e  maximum r e s i s t a n c e  t o  r a d i a t i o n  
damage (up t o  loL7 n p e r  sq cm). 
t e s t e d  i n  Phase I and t h e  impregnated f e l t m e t a l  t e s t e d  i n  Phase I1 
provided e x c e l l e n t  l u b r i c a t i o n  f o r  t h e  10-hour t e s t s ,  but they d i sp layed  
low w e a r  r e s i s t a n c e .  
bear ing  tes t s  t o  f u r t h e r  e v a l u a t e  a h igh ly  r a d i a t i o n  r e s i s t a n t  l u b r i c a n t .  
The s i n t e r e d  Ag-MoS2 m a t e r i a l  w a s  s e l e c t e d  over t h e  impregnated f e l t m e t a l  
because i t  was l e s s  d i f f i c u l t  t o  f a b r i c a t e  i n t o  a bear ing  cage. 
Both t h e  s i n t e r e d  mat r ix  composite 
The Ag-MoS2 l u b r i c a n t  composite was s e l e c t e d  f o r  
I n  summary, t h e  fou r  m a t e r i a l s  s e l e c t e d  from t h e  cand ida te s  sc reened  
du r ing  Phase I and Phase I1 i n  t h e  b a l l - p l a t e  test appa ra tus  f o r  t e s t i n g  
i n  t h e  80-mm bear ings  a re :  
1. Bronze - f i l l ed  PTFE (20-80 by volume) Salox-M 
2 .  Bronze- f i l l e d  polyimide (40-60 by volume) 
3 .  Ag-Wse2-polyimide (75-5-20 by volume) 
4 .  Ag-MoS2 mat r ix  (80-20 by volume) 
v- 2 
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SECTION VI 
BEARING AND TEST APPARATUS DESIGN 
A.  BEARING DESIGN 
The fou r  most promising l u b r i c a n t  m a t e r i a l s  from t h e  b a l l - p l a t e  t e s t i n g  
w e r e  incorpora ted  i n  80-mm bear ings  and t e s t e d  i n  a l i q u i d  hydrogen environ-  
ment f o r  10 hours  o r  f a i l u r e ,  whichever occurred f i r s t .  The 10-hour l i m i t  
was s e l e c t e d  a s  a p r a c t i c a l  des ign  l i f e  f o r  most r o c k e t  engine a p p l i c a t i o n s  
and provided a f i rm b a s i s  for planning t h e  test program, The des ign  of 
hn,zr<ngs cs-cis!-es =f  t ~ o  <ndl-;i&dal, L,Ut I n t e r - r e l a t e d  efforts ; 
(1) ball-raceway geometry opt imiza t ion ,  and (2) s t r u c t u r a l  o p t i m i z a t i o n  
of  r e t a i n e r  c o n f i g u r a t i o n .  Previous exper ience  i n  t h e  d e s i g n  o f  cryogenic  
b e a r i n g s  f o r  moderately h igh  DN levels i n  t h e  RLlO and h igh  p r e s s u r e  
hydrogen turbopumps was a p p l i e d  t o  t h e  80-mm bearing des ign .  However, 
new problems a r i s e  i n  t h e  h igh  speed o p e r a t i o n  of l a r g e  diameter  bear ings ,  
t h e  most c r i t i c a l  of which is  inner  r a c e  c e n t r i f u g a l  growth. This growth 
can  adverse ly  a f f e c t  t h e  i n t e r n a l  geometry o f  t h e  bear ing.  T r e a t i n g  t h e  
i n n e r  race a s  a t h i n  r i n g ,  the growth can be expressed as a c o n s t a n t  
x (DN) x diameter ,  which i s  der ived  from t h e  equat ion;  2 
SR AR = - E 
where : 
S = R o t a t i o n a l  s t ress ,  p s i  
R = Radius,  i n .  
E = Modulus o f  e l a s t i c i t y  
S i s  c a l c u l a t e d  from t h e  equat ion:  
(RW) 
Y s = -  
g 
where : 
3 v = Densi ty ,  l b / i n  
g = G r a v i t a t i o n a l  constant  
u) = Speed, r a d / s e c  
VI- 1 
I -  
S u b s t i t u t i n g  i n  equat ion  (1) 
v /  R C L ~ ) ~  R A R =  
o r  
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2 
= K(DN) D Y/g (W)2 D 8E AR = 
where : 
D = Diameter,  i n .  
DN = Bore diameter  i n  nnn x speed i n  rpm 
K = Constant ( inc ludes  conversion f a c t o r  f o r  inches  t o  mm 
and r a d / s e c  t o  rpm) 
From t h i s  i t  can be seen t h a t  the c e n t r i f u g a l  growth problem becomes 
g r e a t e r  a t  t h e  l a r g e r  bore s i z e s  f o r  cons tan t  DN levels.  
F igure  V I - 1  d e s c r i b e s  t h e  s t a t i c  c o n t a c t  angle  vs i n t e r n a l  c l e a r a n c e  
and t h e  i n n e r  r a c e  growth vs  speed f o r  an 80-mm bear ing.  The u s e  of t h e s e  
c o n t a c t  angle  curves  enables  an estimate t o  be made o f  t h e  r e q u i r e d  s t a t i c  
c o n t a c t  angle  t o  provide a reasonable  c o n t a c t  angle  a t  h igh  speed. 
From f i g u r e  VI-1, a s t a t i c  c o n t a c t  a n g l e  c o r r e c t e d  f o r  i n n e r  r a c e  
growth can be determined. This  r e p r e s e n t s  t h e  a n g l e  t h a t  r e s u l t s  from 
reducing  t h e  i n t e r n a l  c l e a r a n c e  by t h e  i n n e r  r a c e  growth a t  50,000 rpm. 
From p a s t  experience i t  has been determined t h a t  t h e  c o r r e c t e d  s t a t i c  
c o n t a c t  angle  should be maintained a s  low a s  p r a c t i c a l  without  d r a s t i c a l l y  
reducing i n t e r n a l  c learance .  From R L l O  experience an angle  o f  20 degrees  
was assumed and t h e  bear ing geometry optimized through a series o f  
c a l c u l a t i o n s  i n  which each f a c t o r  i s  v a r i e d  independent ly  and t h e  r e s u l t s  
compared t o  o b t a i n  a balance of H e r t z i a n  stress, s p i n / r o l l  r a t i o ,  and 
h e a t  g e n e r a t i o n  f o r  maximum bearing l i f e .  These c a l c u l a t i o n s  a r e  made 
u s i n g  I B M  7090 and 1620 computers. The b a l l  diameter  (0.5312 i n . ) ,  number 
o f  b a l l s  (20) and b a l l  p i t c h  diameter ,  E (4.030 i n . )  w e r e  s e l e c t e d  t o  
p r o v i d e  ample space f o r  an adequate cage s t r u c t u r e .  
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Figure  V I - 1 .  S t a t i c  Contact Angle vs I n t e r n a l  DF 43846; 
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Due t o  t h e  f a c t  t h a t  pure  r o l l i n g  occurs  a t  t h e  o u t e r  r a c e ,  i n c r e a s e s  
i n  o u t e r  r a c e  r a d i u s  of curva ture  (f,) beyond 52% have l i t t l e  o r  no 
e f f e c t  on h e a t  g e n e r a t i o n  o r  s p i n l r o l l  r a t i o .  
H e r t z  stress. A s  t h e  curva ture  i s  i n c r e a s e d ,  Her tz  stress i n c r e a s e s .  
Because t h e  o u t e r  r a c e  curva ture  was maintained a t  t h e  s tandard  52 p e r c e n t .  
The only e f f e c t  i s  on 
I n c r e a s i n g  t h e  i n n e r  r a c e  r a d i u s  o f  c u r v a t u r e  reduced t h e  d i f f e r e n c e  
between i n n e r  and o u t e r  r a c e  c o n t a c t  ang le ,  sp in  power (heat  g e n e r a t i o n ) ,  
and s p i d r o l l  r a t i o .  However, H e r t z  stress i n c r e a s e s ,  which reduces  
hearing l i f e .  GcS;”” --=-+. l J V I L L L  *I-- w a 3 ,  cL-- -Jz- - -  L I = : I ~ L U L C ,  selected to niairiiain 
i n n e r  r a c e  Her tz  stress e q u a l  t o  o r  less t h a n  t h e  o u t e r  r a c e  s t ress .  
A review o f  t h e  opt imiza t ion  i n d i c a t e d  t h e  s t a t i c  c o n t a c t  angle  could 
be reduced t o  decrease  s p i n l r o l l  r a t i o  and h e a t  g e n e r a t i o n  wi thout  
s e r i o u s l y  a f f e c t i n g  stress l e v e l s .  The angle  was then  changed from 20 
t o  16.5 degrees ,  and s u f f u c i e n t  d a t a  were processed t o  a s s u r e  t h a t  t h e  
o p t i m i z a t i o n  r e s u l t s  d id  not change s i g n i f i c a n t l y  a t  t h e  low c o n t a c t  
ang le .  I n n e r  race c u r v a t u r e  was set  a t  62 p e r c e n t .  With t h e  16.5-degree 
c o n t a c t  ang le .  The s t a t i c  c o n t a c t  angle  was determined t o  be 24 degrees  
from f i g u r e  VI-1. 
Figures  VI-2 through VI-5 r e p r e s e n t  t h e  c h a r a c t e r i s t i c s  o f  t h e  
s e l e c t e d  des ign .  Figure VI-2 shows the minimum pre load  f o r  t h e  geometry 
s e l e c t e d  t o  be 65  l b / b a l l  a t  50,000 rpm, which r e s u l t s  i n  a n e a r l y  equal  
i n n e r  and o u t e r  r a c e  h e r t z  s t r e s s  a s  shown i n  f i g u r e  VI-3. 
F igure  V I - 4  shows t h a t  t h e  s p i n / r o l l  r a t i o  i s  n e a r l y  c o n s t a n t  above 
approximately 30,000 rpm. This  can be expla ined  by t h e  f a c t  t h a t  t h e  
d i f f e r e n c e  i n  c o n t a c t  angle  between i n n e r  and o u t e r  race i s  n e a r l y  
cons tan t  above t h i s  speed,  as shown i n  f i g u r e  VI-5. 
The bearing geometry was s e l e c t e d  a s  fol lows : 
Bore d i a  - 80 am, OD - 125 mm 
O u t e r  r a c e  c u r v a t u r e  - 52% o f  b a l l  diameter  
I n n e r  race c u r v a t u r e  - 62% of  b a l l  diameter  
Contact  angle  - 34O ( s t a t i c )  
B a l l  diameter  - 0.500 i n c h  
N o .  o f  b a l l s  - 19 
B a l l  p i t c h  diameter  - 4.030 i n .  (approx. 102 mm) 
S e r i e s  - e x t r a  l i g h t  
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Figure  VI -2 .  Minimum Preload vs Speed 
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Figure  VI-3. Her t z  S t r e s s  vs Thrust  Load 
80-mm Bearing Design 
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Figure  VI-4 .  Spin R o l l  Rat io  vs Speed 
8 0 - m m  Bearing Design 
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Figure  V I - 5 .  Contact  Angle vs Speed 
80-mm Bearing Design 
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With the bore  d iameter  and speed f ixed  by the DN requi rement ,  an 
e x t r a  l i g h t  bear ing  series w a s  s e l e c t e d  t o  provide  ample space f o r  a 
s t u r d y  cage des ign .  The cage des ign ,  which i s  inner - land  r i d i n g ,  
i n c o r p o r a t e s  a r i n g  of lub r i can t  m a t e r i a l  r i v e t e d  i n t o  a one-piece 
h i g h - s t r e n g t h  steel U-shaped s h e l l .  F igu re  VI-6 shows a disassembled 
8 0 - m m  bear ing .  
B. BEARING TEST APPARATUS DESIGN 
The bea r ing  tes t  appa ra tus ,  shown i n  f i g u r e  VI-7, was designed t o  
tes t  80-mm bear ings  completely submerged i n  l i q u i d  hydrogen a t  50,000 rpm. 
The tes t  appara tus  i s  a modi f ica t ion  o f  an e x i s t i n g  P&WA r i g  des ign  t h a t  
was used s u c c e s s f u l l y  f o r  several yea r s  i n  t e s t i n g  smaller c ryogenic  
bear ings .  The t e s t  appara tus  inco rpora t e s  a sma l l  r a d i a l - i n f l o w  t u r b i n e  
d r i v e  us ing  h igh  p r e s s u r e  n i t rogen  o r  hydrogen gas  as t h e  working f l u i d .  
The bear ings  a re  loaded a x i a l l y  by a p i s t o n  p r e s s u r i z e d  w i t h  gaseous 
hydrogen. F igure  VI-8 shows a schematic  of the test  s t a n d  i n s t a l l a t i o n .  
Liquid  hydrogen i s  supp l i ed  t o  the bear ings  through f i t t i n g s  a t  the 
c e n t e r  of  t h e  housing and discharged outboard of  bo th  bear ings .  
i s  c o n t r o l l e d  by a remotely opera ted  valve i n  t h e  t u r b i n e  GN 
supply  l i n e ,  and p i s t o n  loading i s  c o n t r o l l e d  by main ta in ing  the r equ i r ed  
d i f f e r e n t i a l  between housing p res su re  and p i s t o n  supply  p r e s s u r e .  Speed 
i s  measured wi th  a magnetic pickup and s i x  p i n s  l o c a t e d  on t h e  bear ing  
s h a f t .  Accelerometers  a r e  used t o  measure r a d i a l  and a x i a l  v i b r a t i o n ,  
and bear ing  o u t e r  race tempera tures  are recorded .  
p reven t s  mixing o f  l i q u i d  hydrogen and the t u r b i n e  d r i v e  gas .  
Speed 
o r  GH2 2 
A hel ium s e a l  dam 
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SECTION V I 1  
BEARING TESTS 
A. TEST R I G  SET-W 
The bea r ing  tests were conducted a t  FRDC's rocke t  component test  
area "B" on test s t and  B-13. The tes t  r i g  ( f i g u r e s  V I I - 1  and VII-2) 
was  supported on a steel base  p l a t e  w i t h  f l e x i b l e  mounts. 
w a s  supp l i ed  a t  100 t o  130 gpm t o  t h e  test r i g  through vacuum-jacketed 
l i n e s  frnm a 7000-gallon roadable  dewar. 
the test  bea r ings ,  w a s  piped t o  v e n t  s t a c k s  and burned. The gaseous 
n i t r o g e n  and hydrogen f o r  the  t u r b i n e  d r i v e  w e r e  suppl ied  from 1800 p s i a  
evapora to r s  w i th  t h e  f lowra te  con t ro l l ed  through remotely opera ted  va lves .  
The bea r ing  test r i g  was instrumented t o  i n d i c a t e  s h a f t  speed, i n l e t  
and d i scha rge  p r e s s u r e s ,  LH f lowra te ,  t e m p e r a t u r e s ,  and v i b r a t i o n  l e v e l s .  
Bearing f a i l u r e  was  i n d i c a t e d  by r a d i a l  and a x i a l  v i b r a t i o n  measured by 
t h r e e  acce lerometers  mounted on the test  r i g ,  by bear ing  o u t e r  race t e m -  
p e r a t u r e s ,  and by an i n c r e a s e  i n  to rque  (as r e f l e c t e d  by an i n c r e a s e  i n  
d r i v e  gas p r e s s u r e  r equ i r ed  t o  main ta in  a cons t an t  speed) .  
Liquid hydrogen 
The LH2: a f t e r  f lowing through 
2 
B. BEARING TEST RESULTS 
1. General 
Three of t h e  e leven  sets of 80-mm bear ings  completed s h o r t  d u r a t i o n  
running a t  50,000 rpm (DN value o f  4.0 m i l l i o n ) .  
r i a l s  used i n  t h e s e  tests were Ag-polyimide-WSe Ag-MoS and Salox M y  
wi th  t h e  minimum w e a r  r a te  being demonstrated by t h e  l a t te r  material .  
A summary of t h e  bear ing  t e s t s  o u t l i n i n g  cand ida te  materials , running 
t i m e  and p o s t - t e s t  cond i t ions  is g iven  by t a b l e  V I I - 1 .  Because of t h e  
high wear shown on t h e  i n i t i a l  tests of  t h e  s i l v e r - m o l y d i s u l f i d e  and t h e  
s i l ve r -po ly imide  - tungs ten-d ise len ide  r e t a i n e r  r i n g s  , t h e  c o n t r a c t o r  
and t h e  NASA c o n t r a c t i n g  o f f i c e r  mutua l ly  agreed t o  s t o p  f u r t h e r  t e s t i n g  
on t h e s e  materials and t o  conduct a d d i t i o n a l  tests o f  bear ings  wi th  
Sa lox  M and polyimide-bronze r e t a i n i n g  r i n g s .  This d e c i s i o n  was i n f l u -  
enced by the  high p o t e n t i a l  of  Salox M and polyimide-bronze as i n d i c a t e d  
by t h e  b a l l - p l a t e  tes ts ,  as w e l l  as by t h e  f a c t  t h a t  tes t  r i g  problems 
e a r l y  i n  t h e  program may have a f f e c t e d  t h e  r e s u l t s  of t h e  Salox M tests.  
The bear ing  tests,  accord ing  t o  t h e  l u b r i c a n t  conta ined  i n  t h e  bea r ing  
r e t a i n e r s  , are d i scussed  i n  the fo l lowing  paragraphs.  
The bear ing  cage m a t e -  
2 '  2 '  
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2. Salox M (Bronze-Fi l led Teflon)  
F i v e  tests w e r e  conducted w i t h  bear ings  t h a t  used Sa lox  M as the 
l u b r i c a n t .  The f i r s t  tes t ,  of 45 minutes d u r a t i o n ,  w a s  s topped when a 
bea r ing  inne r  race r e t a i n i n g  nut  f a i l e d  a t  40,000 rpm. The f a i l u r e  was  
a t t r i b u t e d  t o  excess ive  stress concen t r a t ion  i n  the wrench s l o t s .  Both 
bear ings  were badly damaged and t h e  Salox M material was s p l i t  r a d i a l l y  
through t h e  b a l l  pockets  i n t o  t h r e e  approximately equal  s e c t i o n s .  The 
s p l i t t i n g  was a t t r i b u t e d  t o  the  thermal shr inkage  of t h e  Sa lox  M between 
r i v e t s  combined w i t h  t h e  c e n t r i f u g a l  f o r c e  due t o  r o t a t i o n .  To r e l i e v e  
t h e  o v e r s t r e s s i n g ,  t h e  Salox r ings  i n  t h e  remaining cages w e r e  i n t e n t i o n -  
a l l y  s p l i t  i n  t h e  same p a t t e r n .  I n  a d d i t i o n ,  t apered  grooves w e r e  added 
on t h e  I D  of t h e  Sa lox  r i n g s  t o  i n c r e a s e  cool ing  flow t o  t h e  i n n e r  r a c e  
and t o  provide a s l i g h t  hydrodynamic l i f t  t o  reduce t h e  bea r ing  p r e s -  
s u r e  of  t h e  cage on t h e  inne r  race. The locking  nu t s  were redesigned f o r  
t he  second tes t ,  and t h e  LH i n l e t  and d i scha rge  flow l i n e s  t o  the  r i g  
were en larged  t o  i n c r e a s e  flow rate. 
2 
The second test f a i l e d  a f t e r  8 minutes d u r a t i o n  a t  30,000 rpm and 
1200-lb a x i a l  load on t h e  bear ings .  The bear ings  showed i n d i c a t i o n s  of  
heavy cage rub  on t h e  o u t e r  race .  The case- to- inner - race  c l e a r a n c e  w a s  
o r i g i n a l l y  e s t a b l i s h e d  t o  provide a 0.010-0,018-inch c l ea rance  a t  oper-  
a t i n g  temperature ,  cons ider ing  sh r inkage  of t h e  Salox M cage. With t h e  
Sa lox  M material  s p l i t  i n t o  t h r e e  s e c t i o n s ,  t h e  "hoop" i n  t h e  cage was 
des t royed;  t h e r e f o r e ,  t h e  cage shr inkage  w a s  g r e a t l y  reduced wi th  a 
r e s u l t a n t  i n c r e a s e  i n  I D  c l ea rance  a t  ope ra t ing  temperature .  S l i g h t  
w e a r  of t h e  cage I D  then  allowed t h e  cage t o  rub on t h e  OD. 
succeeding Sa lox  cages were modified t o  remedy t h i s  s i t u t a t i o n  by removing 
t h e  Salox M material from t h e  s t a i n l e s s  steel s h e l l  and i n s t a l l i n g  new 
blanKs. These b lanks  were a l s o  s p l i t  i n t o  t h r e e  s e c t i o n s ;  however t h e  
I D  w a s  reduced t o  provide  t h e  r equ i r ed  inne r  r a c e  c l ea rance .  The cages 
w e r e  balanced t o  w i t h i n  0.001 oz- in .  and t h e  tapered  grooves w e r e  i nco r -  
pora ted  on t h e  I D ,  as i n  t h e  second set  o f  cages.  
A l l  
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a c c e l e r a t e d  t o  20,000 rpm and 
tes t  cond i t ions  w e r e  allowed t o  s t a b i l i z e .  During t h e  subsequent 
a c c e l e r a t i o n  t o  f u l l  speed,  v i b r a t i o n  inc reased  r a p i d l y  a t  approximately 
30,000 rpm. The tes t  r i g  w a s  disassembled t o  i n s p e c t  t h e  bea r ings .  The 
f r o n t  bea r ing  cage ( t u r b i n e  end) showed heavy b a l l  pocket wear i n  four  
l o c a t i o n s  as w e l l  as i n d i c a t i o n s  o f  overheat ing.  The rear bea r ing  cage 
was i n  good c o n d i t i o n  wi th  l i g h t  wear  i n  t h e  b a l l  pockets .  The r e s u l t s  i n -  
d i c a t e  t h a t  t h e  t o t a l  LH flow t o  t h e  r i g  w a s  n o t  be ing  e q u a l l y  s p l i t  
between the t w o  “vearings. Leakage CE h e l i m ~  pact  the face seal on t h e  
t u r b i n e  end could have r e s t r i c t e d  t h e  flow out  o f  t h a t  s e c t i o n  of t h e  
r i g  and reduced flow through the f r o n t  bear ing .  To ba lance  t h e  d i s -  
charge  p r e s s u r e  on both  bear ings ,  a set  of ho le s  w a s  d r i l l e d  i n  t h e  
web of t h e  bea r ing  s h a f t  t h a t  t i e d  t h e  two compartments t oge the r .  
2 
I n  t h e  f o u r t h  test ,  t h e  bear ings could not  be  a c c e l e r a t e d  beyond 
40,000 rpm because t h e  to rque  inc reased  r a p i d l y  above 30,000 rpm. 
Inspec t ion  of  t h e  bea r ings  revealed t h a t  t h e  b a l l s  and races w e r e  
heav i ly  coa ted  w i t h  bronze; the r e t a i n e r s  showed h igh  l u b r i c a n t  wear  
and co ld  flowing of t h e  l u b r i c a n t  i n  t h e  b a l l  pockets .  The t u r b i n e  
s h a f t  had rubbed on t h e  carbon seal housing. The rub marks covered 
approximately a 90-degree s e c t i o n  on t h e  s h a f t ,  i n d i c a t i n g  a whipping 
a c t i o n  o r  a r o t a t i n g  r a d i a l  load. The t u r b i n e  s h a f t  w a s  n i cke l -p l a t ed  
be fo re  the  l a s t  Sa lox  M t e s t  to ensu re  a t i g h t  f i t  a t  a l l  cond i t ions  
between t h e  t u r b i n e  s h a f t  and t h e  bear ing  s h a f t .  
The f i f t h  Salox M test was of  9 minutes d u r a t i o n ,  o f  which 3 minutes 
6 were a t  50,000 rpm ( 4  x 10 DN). The test  was te rmina ted  because of 
h igh  v i b r a t i o n  and a n  inc rease  i n  t h e  f r o n t  bea r ing  o u t e r  race t e m -  
pe ra tu re .  The webs between b a l l  pockets  o f  t h e  s t a i n l e s s  steel r e t a i n e r s  
i n  both bea r ings  had bowed s l i g h t l y  from t h e  c e n t r i f u g a l  loads .  The 
b a l l s  and r a c e s  from t h e  f r o n t  bea r ing  w e r e  coa ted  w i t h  bronze and t h e  
cage showed heavy wear. The r e a r  bea r ing ,  except  f o r  t h e  cage bowing 
was i n  very  good cond i t ion .  The Salox M bear ings  from t h e  last  test 
are shown i n  f i g u r e  VII-3. 
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a t  50 ,000  r p m  
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3 .  Polyimide-Bronze (60-40) 
Four tests were made with the  polyimide-bronze l u b r i c a t e d  bear ings .  
These bea r ing  cages were a l l  i n d i v i d u a l l y  balanced t o  w i t h i n  0.001 oz- in .  
I n  t h e  f i r s t  two tests, t h e  turb ine  w a s  d r i v e n  wi th  GN and t h e  maximum 
s h a f t  speed a t t a i n e d  w a s  20,000 rpm. I n  t h e  t h i r d  and fou r th  tests, 
w a s  used t o  d r i v e  t h e  t u r b i n e ;  a maximum speed of 40,000 rpm w a s  achieved 
b e f o r e  t h e  bear ings  f a i l e d .  The bear ing  pre load ,  which w a s  1200 l b  i n  
t h e  f i r s t  t h r e e  tests, w a s  reduced t o  900 l b  i n  t h e  fou r th  test i n  an 
e f f o r t  t o  achieve  50,000 rpm. 
2 
GH2 
The f i r s t  t es t  was terminated a f t e r  27 minutes a t  speeds up t o  
20,000 rpm because of t h e  l o s s  of a speed pickup lug .  The bear ings  
w e r e  i n  good c o n d i t i o n  and were r e i n s t a l l e d ,  with the  r aces  r eve r sed ,  
f o r  t h e  fou r th  test .  The h igh  torque  t h a t  prevented t h e  bea r ings  from 
reach ing  50,000 rpm w a s  appa ren t ly  caused by t h e  cage rubbing on t h e  
inner  r ace .  I n  each tes t ,  t h e  cage I D  wear w a s  heavy; i n  t h e  bear ings  
t h a t  reached 40,000 rpm, t h e  rubbing w a s  s e v e r e  enough t o  cause h e a t -  
c r ack ing  on t h e  s u r f a c e  o f  t h e  inne r  r a c e .  I n  each i n s t a n c e ,  t h e  poly- 
imide-bronze l u b r i c a t e d  w e l l  but wore h e a v i l y  i n  t h e  b a l l  pockets  because 
t h e  cage was d r iven  a g a i n s t  t he  b a l l s  by t h e  c o n t a c t  w i th  t h e  inne r  r ace .  
4 .  Si lver -Molydisu l f ied  
One s e t  of bear ings  w a s  t e s t e d  wi th  Ag-MoS cages.  During a c c e l e r a t i o n  2 
t o  des ign  speed ,  t h e  p i s t o n  and r i g  p re s su res  v a r i e d  r a d i c a l l y  due t o  
c h a t t e r i n g  of t h e  carbon f ace  seal .  The p res su re  f l u c t u a t i o n s  allowed 
low d i f f e r e n t i a l  p re s su re  on t h e  loading p i s t o n  and reduced preload on 
t h e  bear ing .  The r e s u l t i n g  low bear ing  pre load  du r ing  a c c e l e r a t i o n  
allowed t h e  s h a f t  speed t o  reach 62,000 rpm. 
speed c o n d i t i o n  w a s  approximately 1 second. The speed was then  a d j u s t e d  
t o  50,000 rpm and t h e  bea r ings  ran f o r  a n  a d d i t i o n a l  4 minutes a t  a 
bear ing  t h r u s t  load of  900 l b .  High v i b r a t i o n  i n d i c a t e d  bear ing  f a i l u r e .  
Examination of t h e s e  bear ings  ( f i g u r e  VII-4) revea led  a heavy c o a t i n g  of 
s i l v e r  on t h e  b a l l s  and r a c e s .  Both r e t a i n e r s  rubbed a g a i n s t  t h e  bea r ing  
o u t e r  race lands  and showed high wear i n  t h e  b a l l  pockets .  The r e t a i n e r s  
e x h i b i t e d  d i ame t ra l  growth due t o  high c e n t r i f u g a l  f o r c e s .  The f r o n t  
bea r ing  and i t s  r e t a i n e r  were badly damaged. The rear bea r ing  w a s  i n  
unusual ly  good c o n d i t i o n ,  cons ider ing  t h e  high speed t o  which i t  w a s  
The du ra t ion  o f  t h e  over-  
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s u b j e c t e d .  
occur red  and t h e  b a l l  pockets were h e a v i l y  worn, n e i t h e r  t h e  r e t a i n e r  
n o r  b e a r i n g  was s e r i o u s l y  damaged. 
Although t h e  r e a r  bear ing r e t a i n e r  showed OD rubbing had 
5. Si lver-Polyimide - Tungsten Dise len ide  
One test w a s  made with bear ings  u s i n g  t h e  Ag-WSe -polyimide l u b r i -  2 
c a t i o n .  
These bear ings  were t e s t e d  for  a t o t a l  of 8 minutes d u r a t i o n ,  of 
which 3 minutes were at 50,000 r p .  High v i b r a t i o n  indicated failure of 
t h e  bear ings .  The b a l l s  and races of  both t h e  bear ings  w e r e  damaged. 
Wear i n  t h e  b a l l  pockets of  both r e t a i n e r s  w a s  h igh  and t h e  OD of both 
r e t a i n e r s  showed i n d i c a t i o n s  of rubbing on t h e  lands of t h e  b e a r i n g  
o u t e r  r a c e s  ( f i g u r e  VII-5). 
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F i g u r e  VII-4.  S i l v e r - M o l y d i s u l f i d e  Bea r ings  A f t e r  FD 14328 
4 Minutes  a t  50,000 rpm. 
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FD 14330 F i g u r e  V I I - 5 .  Silver-Polyimide-Tungsten D i -  
s e l e n i d e  Bear ings  A f t e r  3 Minutes  
a t  50,000 rpm 
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SECTION VI11 
CONCLUSIONS 
1. Four materials have been developed t h a t  possess  t h e  p o t e n t i a l  of 
provid ing  adequate  l u b r i c a t i o n  f o r  bea r ings  o p e r a t i n g  i n  a l i q u i d  
hydrogen environment a t  DN levels t o  4 x 10 mm-rpm. 
6 
These four  materials are: 
a. Salox M (b ronze - f i l l ed  Tef lon)  
b. Polimide-bronze (60-40% by volume) 
c.  S i lver -poly imide  - tungs ten  d i s e l e n i d e  (70-20-5% by volume) 
d.  S i lver -molydisu l f ide  (80-20"/. by weight ) .  
2.  The four  mater ia ls ,  i n  t h e  o rde r  l i s t e d  above, have an i n c r e a s i n g  
6 r e s i s t a n c e  t o  damage by nuclear  r a d i a t i o n  from 2 x 10  e rgs  pe r  
gram (C) f o r  t h e  Teflon-based Salox M t o  l O I 5  e rgs  per  gram (C) 
f o r  t h e  s i l ve r -molyd i su l f ide  composite. The l i f e  expec tanc ies  of  
bear ings  con ta in ing  t h e s e  l u b r i c a n t s  , based on l u b r i c a n t  wear 
rate,  va ry  i n v e r s e l y  wi th  the r e s i s t a n c e  t o  r a d i a t i o n  damage. 
3 .  The s u c c e s s f u l  u se  of t hese  materials i n  an  a c t u a l  bear ing  a p p l i c a t i o n  
w i l l  depend on t h e  development of  l u b r i c a n t  r e t a i n e r s  capable  of 
wi ths tanding  t h e  r o t a t i n g  stresses a s s o c i a t e d  wi th  high DN ope ra t ion .  
4 .  Resu l t s  of  t h e  80-mm bearing tests w e r e  clouded by problems encoun- 
t e r e d  i n  t h e  test r i g  and t h e  bear ing  cage des igns .  The time and 
scope of t h i s  c o n t r a c t  d i d  not  permit a s tep-by-s tep  development 
o f  a cage des ign  f o r  each l u b r i c a n t  t h a t  would have provided a 
t r u e  eva lua t ion  of i t s  l u b r i c a t i n g  c a p a b i l i t y .  
5. The e x c e l l e n t  c o n d i t i o n  o f  t h e  rear bear ing  a f t e r  t h e  l a s t  Salox M 
t e s t ,  which opera ted  a t  4 x 10 DN f o r  3 minutes ,  i s  a n  i n d i c a t i o n  
of t h e  p o t e n t i a l  o f  t h i s  l u b r i c a n t  composite t o  perform s a t i s f a c t o r i l y  
f o r  longer  pe r iods .  
6 
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